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Abstract

Phosphorus (P) is widely believed to limit plant growth and organic matter

storage in a large fraction of the world's lowland tropical rainforests. We investigated

how the most common land use change in such forests, conversion to cattle pasture,

affects soil P fractions along forest to pasture chronosequences in the central Brazilian

Amazon and in southwestern Costa Rica. Our sites represent a broad range in rainfall,

soil type, management strategies, and total soil P (45.2 - 1228.0 pg P / g soil), yet we

found some unexpected and at times strikingly similar changes in soil P in all sites. In

the Brazilian sites, where rainfall is relatively low and pasture management is more

intense than in the Costa Rican sites, significant losses in total soil P and soil organic

carbon (SOC) were seen with pasture age on both fine-textured oxisol and highly sandy

entisol soils. However, P losses were largely from occluded, inorganic soil P fractions,

while organic forms of soil P remained constant or increased with pasture age, despite the

declines in SOC. In Costa Rica, SOC remained constant across the oxisol sites and

increased from forest to pasture on the mollisols, while total soil P increased with pasture

age in both sequences. The increases in total soil P were largely due to changes in

organic P; occluded soil P increased only slightly in the mollisols, and remained

unchanged in the older oxisols. We suggest that changes in the composition and/or the

primary limiting resources of the soil microbial community may drive the changes in
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organicP. We alsopresentanewconceptualmodelfor changesin soil P following

deforestationto cattlepasture.

Introduction

Ecosystems worldwide are undergoing unprecedented rates of land conversion

and land use change (Meyer and Turner 1992; Ojima et al. 1994). Land-management

practices such as fire, grazing, tillage, and fertilizer application, among others, affect

ecosystem composition, the distribution of organic matter, and a variety of nutrient

cycling processes, including losses of limiting and essential elements to atmospheric and

aquatic realms (e.g. Ewel et al 1991, Reiners et al. 1994; de Moraes et al. 1996; Matson et

al. 1997; Neill et al. 1997). The most dramatic recent land use changes have been

centered in tropical and sub-tropical forested ecosystems (Skole and Tucker 1993,

Houghton et al. 2000), where deforestation now removes roughly 2% of the remaining

forest cover per year (Williams and Chartres 1991; Nepstad et al. 1999), most of which

becomes cattle pasture (Feamside 1996).

The biogeochemical consequences of land use change in the tropics are

potentially quite different from those in temperate regions, in large part because tropical

ecosystems frequently occur on soils that have not been rejuvenated by recent glacial

activity, and are therefore often extremely old. The combination of greater soil age along

with a warm, often wet climate, leads to highly weathered soils that are typically depleted



in phosphorus(P)andbasecations(Ca,Mg, K), rich in iron andaluminumoxides,andof

variablecharge(UeharaandGilman 1981;Sollinset al. 1988;Bruijnzeel1991);theseare

theoxisolsandultisolsthat dominatemanytropicalregions.Carbonuptakeandstorage

in ecosystemson suchsoilsareoften limited byphosphorusand/orbasecationsupply

(VitousekandSanford1986;CuevasandMedina1988;HerbertandFownes1995;

VitousekandFarrington1997).Thus,anylandusedrivenchangesin P and/orbase

cationavailabilitymaybecentralto predictingthesustainabilityof clearedland,aswelt

asland-atmosphereexchangesof carbonandtracegasesfollowing forestconversion.

Phosphoruslimitation, in particular,is thoughtto becommonin tropical forests

onold soils,andtheconstraintsimposedby low P availabilityareawidely recognized

problemin tropicalagriculture(e.g.Sanchezetal. 1982). Not only aremanytropical

soilsrelatively low in totalsoil P,but their high iron andaluminumoxidecontentcauses

strong"fixation" of plantavailableinorganicPinto moreoccludedformsthatarethought

to be largelyunavailableto biota(Sanchezetal. 1982,UeharaandGillman 1981).Thus,

soil organicmatter(SOM) andsoil organicP areimportantto tropicalsoil fertility, both

asasourceof Patbiotic timescales,andpotentiallyasabufferagainstP fixation byclay

minerals(Tiessenet al. 1994,Afif et al. 1995,Guggenbergeret al. 1996). Finally,

becauseprimarymineralsourcesof P havebeendepletedin manyold tropicalsoils,and

inputsof P from theatmospherearemuchlower thanarethosefor otherkey rock-derived



elements(GrahamandDuce 1979;Chadwicket al. 1999),any lossesof P duringand

afterdeforestationmayhavelong-termconsequencesfor productivityandcommunity

compositionwell afterclearedlandsareabandoned.

Slash-and-bumclearingfor pastureinitially createsapulseof availableP(and

otherkeynutrients),asthe largepoolsheld in biomassarereleasedto thesoil

environment.Burningandsubsequentashdepositionnot only createsa nutrientpulse,

but alsoelevatessoil pH, whichdecreasesthestrengthof P sorptionandocclusion

reactions(Anghinoniet al. 1996;Beaucheminet al. 1996).However,this initial pulseof

fertility is typically short-lived,andsignificantP lossescanoccurduringandjust after

deforestationvia transportof P in particulatematter(Kauffmanet al. 1995,1998).In

addition,thereis evidencethatPconstraintsalreadypresentin undisturbedtropicalsoils

areexacerbatedby prolongeduseof clearedlands(Tiessenet al. 1992). It isnot clear,

however,whetherthispatternis dueto actuallossesof Pfrom thesystem,or to a

redistributionof totalsoil Pfrom morelabileto morerecalcitrantforms. Thefact that

labile formsof P arerelativelyimmobilein soilssuggeststhatthelatter transformations

maybemorelikely.

Recentwork by ourgroupnearSantarrm,Pardi,in thecentralAmazonshowed

significantdeclinesin foliar andlabileinorganicsoil P withpastureage,andthese

depressionsin P cycling weretightly correlatedwith declinesin leafareaindexandgrass
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productivity(Asneret al. 1999). As for manyotherpasturechronosequences(Davidson

et al. 1995),wealsoobservedsignificantdecreasesin soilorganicmatterwith pasture

age. Thus,ouroriginalhypothesiswasthatdeclinesin SOMwouldbeaccompaniedby

increasedmineralizationof soil organicP,creatingapulseof inorganicP thatwashighly

susceptibleto occlusionby clay minerals(Figure1). This nettransferof Pfrom organic

to occludedformswould feedbacktowardevengreaterP limitation,potentiallydriving

declinesin pastureproductivity.

However,in themoisttropics,thereis enormousvariationinprecipitation,soil

typesandmanagementstrategies,evenwhenrestrictingthefocusto pasturesalone,and

notall agingpasturesshowstrongdeclinesin soil organicmatteror productivity. For

example,Neill et al. (1997)reportedstableto evenincreasingSOMpoolswith pasture

agealongchronosequencesin Rhondonia.More recently,Garcia-Montielet al. (2000)

describedapatternof increasesin soil organicP anddeclinesin occludedsoil P with

pastureagein thesesamesites.Thus,it appearsthatwhereenvironmentalconditionsor

managementpracticesmaintainor evenincreaseSOCin soilsfollowing forestto pasture

conversion,concomitantmaintenanceor augmentationof soil organicPmayalsooccur.

Again,ourhypothesisfor theSantar6msiteswasthatwewouldseeverydifferent

patternsin soil P thanthosereportedby Garcia-Montielandcolleagues.We observed

decreasesin SOCpoolsalongpasturechronosequencesnearSantar6m,andthusas
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outlinedin figure 1,weexpectedto find declinesin soil organicP andincreasesin

occludedP. Essentially,our workingmodelwasthatchangesin soil P fractionswouldbe

relatedto thosein SOM:whereclimate,soil typeand/ormanagementstrategiesdo not

createSOMlosses,wedid notexpectlossesin soil organicP andincreasesin occludedP,

butwhereSOMlossesdooccur,wepredicteda nettransferfrom organicto occluded

poolswith pastureage.

Finally, dueto thewide rangein climate,soils,andmanagementacrossthe

tropics,wechoseto searchfor asecondsetof pasturechronosequenceswhereall three

variableswereconsiderablydifferent from thosein theSantar6marea.Our goalherewas

to testfor anyconsistent,generalpatternsin soil P dynamicsfollowing deforestationthat

transcendedthewide rangein potentialdrivingvariables.Thereisconsiderablevariation

in soils,rainfall andmanagementschemeswithin theAmazonbasinalone,but therange

in all threevariablesis evengreaterwhenoneconsiderstheentireneotropics.In

particular,portionsof lowlandCentralAmericahavehigherrainfall andshorterdry

seasonsthanin anypartof theAmazon,largegradientsinsoil typefrom veryyoung,

highly fertile soilsto old oxisolssuchasthosefoundin Amazonia,andmanagement

practicesin whichburningisrarelyused.Thus,we locateda secondsetof siteswith

suchcharacteristicsin southwestCostaRica.
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Methods

Study Sites

Brazil: The Brazilian sites consist of two pasture chronosequences located on two

ranches south of Santar6m, Pardi, and east of the Tapaj6s River (3 ° 16'S 54°56'W; 3°8'S

54°40'W). Mean annual rainfall is 2000mm, the bulk of which occurs between January

and May, and mean annual temperature is 25°C. All sites are on upland terrafirme that

has pockets of relic depositional surfaces, creating a mix of high clay oxisols and highly

sandy entisots (Parrotta et al. 1995; Silver et al. 2000). We established one

chronosequence of pastures on the oxisols dating 2, 7 and 15 years since conversion, and

a second trio of sites (1,7 and 15 yrs old) on the sandy entisols. Five of the six pastures

were on a single ranch; the 2 year old oxisol pasture was the exception. Three of the sites

(1 year entisol, 2 and 7 year oxisols) were dominated by the common pasture grass

Brachyaria brizantha; the other three sites were characterized by a second common

grass, Pennesetum clandestinum. Some woody invaders, notably Solanum paniculatum,

were sparsely distributed in some of the sites, and all but the two youngest pasture sites

had been burned since Conversion as a means for controlling woody pioneer species.

Relief in all sites is minimal, and none of the pastures have been fertilized.
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Costa Rica: We established a second pair of chronosequences in southwest Costa Rica.

All sites are located on a single ranch (8°43'N, 83°37'W) approximately 5 km inland of

the town of Agujitas, which is located at Drake Bay on the Osa Peninsula. The entire Osa

Peninsula was formed in three large seafloor volcanic events between roughly 75 and 40

million years ago, but some parts of the region were below sea level in more recent

geologic eras (Berrange and Thorpe 1988). This created a wide range in parent material

ages and subsequent soil types, from highly weathered 40+ million year old oxisols to

highly fertile alluvial mollisols of Quaternary origin. Again, we chose sites at both ends

of this soil gradient: primary forest, a 5 year old pasture, and a 20 year old pasture on

oxisols, and a primary forest and 20 year old pasture on mollisols. The high fertility of

the mollisols led to extensive clearing on these soils some time ago, thus recently

converted pastures are rare to nonexistent. All five sites were within a few hundred

meters of each other; the oxisol sites had a consistent and gentle relief (<10%) but

continue to uplands with slopes of 40% or greater, while the moilisol sites occupy

lowland areas of minimal relief. The two forest sites were typical of the region in their

extraordinary species diversity; no species dominated the forest canopy. The three

pasture sites were dominated by the common introduced grass Panicum maximum. All

pastures were cleared by slash and burn methods, but none of the pastures had been

9



burnedsinceinitial clearing;instead,weedyingrowthin thisregionis typically controlled

viacuttingandtheuseof herbicides.Noneof thepastureshadbeenfertilized.

Soil Collection and Analyses: Ten soil samples per site were collected from 0-10cm

depth along random intervals within 100m transects. Soils were air dried, sieved at 2mm,

and analyzed for total carbon, nitrogen, phosphorus, P fractions, texture and pH. Bulk

density measurements were determined using an excavation method in which the volume

of removed soil is measured by replacing it with a known volume of sand, and the soil

removed is dried and weighed. Subsamples for total carbon and nitrogen were ground to

a fine powder and analyzed using a combustion-reduction elemental analyzer (Carlo

Erba, Inc). Total P analyses were performed by digesting 5g of sieved, air-dried soil in

H2SO_ and H202 (Parkinson and Allen 1975); the digested solution was then analyzed for

phosphate concentrations using a flow-injection autoanalyzer (Alpkem, Inc.).

Approximately lg of soil from each sample was analyzed for soil P fractions

using the modified Hedley fractionation technique described by Tiessen and Moir (1993).

Briefly, the soil was subjected to a series of extractions in the following order: a resin

extraction (in water), bicarbonate, 0.1M NaOH, IM HC1, hot concentrated HC1, and a

i

final peroxide/sulfuric acid digest (residue fraction). Digests were also done on the

solution following bicarbonate, NaOH and HCI extractions, and organic P in each
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fractionwasdeterminedby difference. Resinandbicarbonatepoolsarethemostlabile

formsof soil P,andtheir sumis oftentakenasaproxy for readilyavailable(labile) P,as

previousstudieshaveshownthatbicarbonateextractableP is well correlatedwith plant

growth (Bowmanet al. 1978;Levy andSchlesinger1999).The IM HC1fractionis

thoughtto reflectprimarymineralP (Ca-bound),while theremaininginorganicfractions

arebelievedto distinguishP poolsof varyingrecalcitrance,from weakly to strongly

occluded(TiessenandMoir 1993;CrossandSchlesinger1995;Levy andSchlesinger

1999).In theory,thesumof all fractionsattheendof theanalysesshouldbeequalto

total soil P,but wechoseto doseparatedigestsfor totalP,asacheckon theefficiencyof

thefractionationprocedure.Phosphateconcentrationsin eachfractionweredetermined

usinganAlpkem autoanalyzer.TheprotocoldescribedbyTiessenandMoir (1993)

requiresthateachfractionbeneutralizedvia handtitrationprior to Murphy-Riley

colorimetricanalysis,butweavoidedthis timeconsumingstepby adjustingthe

normalityof thesulfuric acidin theAlpkemcolor reagent.This adjustmentis specificto

eachfraction,andcalculatedto achieveamixtureof sampleandcolorreagentthatcreates

thedesiredacidity atthedetector(LeferandTownsendsubmitted).

Finally, statisticalanalysesof differencesamongsitesandalongeach

chronosequencewereperformedusingtheone-wayANOVA procedurein SPSSv.10.0

(SPSSInc., Chicago,IL). Wheresignificanttrendswerefound,furtheranalysesof
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differencesbetweeneachsitewereevaluatedusingthesamesoftwareto performapost-

hocTukey'sHSD test.

Results

Percent soil C and N were higher in all five Costa Rican sites than in any of the

Brazilian sites (Table 1; Tukey HSD p<.05), but the higher soil bulk densities in Brazil

indicate that total soil C and N pools were not consistently greater in Costa Rica (Table

I). Overall, total soil carbon values ranged from a maximum of 5.51 kg C / m 2 in the

Costa Rican mollisol pasture, to a minimum of 2.00 kg C / m 2 in the oldest Brazilian

entisol pasture. Total soil carbon was similar in all oxisols across both countries with the

exception of the youngest Brazilian pasture, where soil C was significantly greater than in

the other five oxisol sites (Table I; Tukey HSD p<.05). Soil carbon pools decreased with

pasture age in both Brazilian chronosequences (entisols: F= 14.8, p<.001; oxisols:

F=139.8, p<.001). In Costa Rica, % soil C values declined from forest to older pastures,

but the total soil C pool did not differ along the oxisol chronosequence. In constrast, soil

C was significantly greater in the 20 year mollisol pasture than in its forest counterpart

(F=28.4, p<.001). Patterns in soil N followed those for soil C.

The range and patterns in soil P were more striking than for those in soil C and N.

Total soil P varied by more than an order of magnitude across all eleven sites, from a
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maximumof 121.57g/m2in the20yearCostaRicanmollisol pasture,to aminimumof

6.46g/m 2 in the 15 year Brazilian entisol (Table 1). Soil P values in the Brazilian sites

were all relatively low, and those in the entisol pastures were much lower than values

commonly reported in the literature (e.g. Cross and Schlesinger 1995). The effects of

land use on total soil P were very different between the two countries. In Costa Rica, soil

P was 47.95 g/m E in the 20 year oxisol pasture, an increase of 66% over the 28.97 g/m 2

measured in the adjacent oxisol forest (Table 1). A similar pattern was seen in the Costa

Rican mollisols, where soil P in the 20 year old pasture was 75% greater than in its forest

counterpart (Table 1). It's important to note, however, that the large increases in total

soil P were due to the increases in bulk density that are typical as pasture soils are

compacted (Veldkamp 1994); no significant differences in soil P concentration were

found (Figure 2).

In Brazil, where soil C and N declined with pasture age, so did total soil P.

Values in the two 15 year old oxisol and entisol pastures were 29% and 40% lower,

respectively, than in the youngest pastures on each sequence (Table 1). The decline was

particularly striking in the sandy entisols, where decreases in soil P - assumed to be a far

less mobile element than C and N - were proportionately greater than those in the latter

two elements (Table 1). Soil P concentrations (lag P / g soil) also declined significantly

with pasture age in both Brazilian chronosequences (Figure 2).
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Not surprisingly,manyof thesoil P fractionsalsochangedsignificantlyalongthe

landusegradients,but thegeneralpatternsdid notsupportthehypothesispresentedin

Figure 1. Datafor eachfraction from themodifiedHedleyprocedurearepresentedin

Table 1,but theoverall patternsaremoreeasilyseenby groupingthefractionsinto four

categories.Thesecategoriesare: 1)non-occludedP,equalto thesumof resin

extractable,bicarbonateinorganicandNaOHinorgnanicP fractions;2) organicP (sumof

all organicfractions);3) occludedP,equalto thesumof theconcentratedHC1and

residueinorganicP fractions;and4) primarymineralP (the 1MHC1fraction). These

divisionsareusefulfor separating"biological" vs."geochemical"poolsof soil P,as

discussedby CrossandSchlesinger(1995). Someof themoresurprisingresultsfrom our

analysesareshownin Figure2, whichdepictschangesin thesemajorPfractionsalong

thefourchronosequences.In bothBraziliansequences,despitesignificantdeclinesin

soil organicC andN with pastureage,soil organicPeitherincreased(oxisols)or

remainedunchanged(entisols). As apercentageof totalsoilP, soil organicP increased

markedlyalongbothchronosequences,risingfrom25%to 39%on theoxisols,andfrom

26%to 44%on theentisols(Figure3). Thedeclinesin total soilP seenineachBrazilian

sequenceweredueto largedecreasesin thenon-occludedandoccludedP fractions

(Figure2). Thedeclinein occludedP wasespeciallystriking: thispool was37%lower in
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theoxisolsand59%lower in theentisolsascomparedto theyoungestpastureoneach

sequence.

In CostaRica,organicP againincreasedsignificantlyfrom forestto pasturein

bothchronosequences(Figure2). UnlikeBrazil, however,themajorinorganicfractions

did notdeclinewith pastureage: bothnon-occludedandoccludedP werenot

significantlydifferentbetweentheprimaryforestsandoldestpasturesoneachsoil type

(Figure2).

WalkerandSyers'(1976)modelfor P changeswith soil developmenthasledto a

generalnotionthatsoil P in old tropicalsoilsis mostlyhighly recalcitrantandimmobile,

aproductof millions of yearsof intenseweathering.In manyrespects,this general

modelhasbeenprovenaccurate(e.g.,CrossandSchlesinger1995;Crewsetal. 1995),

but ourdatasuggestthatlandusedisturbancescancauserapidandsubstantialchangesin

soil P fractions. In particular,while thereareclearlydifferencesin soil P responses

acrossmajorgradientsin soiltype,climateandmanagement,forest-to-pastureconversion

doesseemto causetwo generalandsurprisingtrends.First,organicformsof soil P

increasewith pastureage,or at thevery leastdonotdecline,evenin siteswherelarge

declinesin totalsoil organicmatterareobserved.Second,occludedsoil P doesnot
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increasewith pastureage,eitherin pool sizeor asapercentageof totalsoil P,andin sites

weretotalsoil P declines,muchof thatchangeappearsto befrom lossesin theoccluded

fraction.

While notwithout recentprecedence(Garcia-Montielet al.2000),this latter trend

wasquiteunexpected,andsuggeststhattheoccludedfractionis notasrecalcitrantasis

typically assumed.Consider,for example,thattheproportionaldeclinesin occludedP

weobservedin theBrazilian chronosequencesweregreaterthanthosein soil carbonon

both theentisolsandtheoxisols. Themechanismsbehindthesesharpdeclinesin

occludedP arestill unknown,butweoffer two possibleexplanations.First,sorptionand

occlusionof labile,inorganicP is strongeratlowerpHs(Lopez-HemandezandBurnham

1974,Afif et al. 1995,Guggenbergeret al. 1996),andsoil pH valuestypically increase

by anorderof magnitudeor morefollowing conversionof forestto pasture.Thisdecline

in acidity maycauseatransferof inorganicPfrom occludedto morelabileforms.

Second,soilsunderpasturearefrequentlysubjectto significantcompaction,asevidenced

by theincreasesin bulk densityseenin ourdataandelsewhere(Veldkamp1994,de

Moraeset al. 1996). Suchcompactioncanstronglylimit oxygenavailabilityin thesoil,

creatingamorereducingenvironment(Chauvelet al. 1991,deMoraeset al. 1996),

whichcouldalsoleadto a netreleaseof inorganicPfrom moreto lessoccludedforms

(UeharaandGilman 1981).
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Finally, physicaltransportof soil aggregatesviaerosioncould alsocauselossesin

total soil P,especiallyin coarsersoilslike thesandyentisols,andsuchamechanism

wouldproducesignificantdeclinesin occludedP asit is themostabundantsoil fraction.

However,occludedP tendsto increasewith soil depthasapercentageof totalP,

suggestingthat if erosionwereamajorfactorin theentisolsequence,aproportional

increasein occludedP acrossthechronosequencewouldbeobserved.This tendency

couldonly beoffsetby proportionalincreasesin newsoil organicPthatwereeven

greaterthanthoseseenin thefiner texturedsoils,whichseemsunlikely giventhevery

strongdeclinesin availablenutrients,leafareaandproductivityseenin theentisol

sequence(Asneret al. 1999).

Thus,thedeclinesin occludedP aremostlikely dueto anet transferof inorganic

P outof this pool. Whateverthemechanismfor sucha transfer,its occurrenceshould

createapulseof P fertility asinorganicformsof P areliberatedinto plant-available

forms. Yet, in theBrazilianchronosequenceswherethestrongdeclinesin occludedP

wereseen,we alsoobservedlargedeclinesin non-occludedinorganicP (Figure2),

increasesin foliar C:Pratiosin thepasturegrasses,anddecreasesin aboveground

biomassandproductivity (Asneret al. 1999).It thereforeseemslikely thatthe lossesin

productivityseenin bothof theBrazilianpasturesequenceswereatleastpartlydrivenby

a steadydeclinein Pavailability in soilsthatwereP-poorprior to conversion.Finally,
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this apparentparadoxin whichthereseemsto bea sourceof new labile P from declines

in occluded P, and yet no evidence for increases in P fertility, is deepened by the

observation of increases in soil organic P with pasture age.

Organic forms of soil P are thought to be critical to tropical soil fertility, largely

because labile, inorganic P is subject to occlusion by mineral surfaces of many tropical

soils (e.g., Tiessen et al. 1994). Thus, one would expect an increase in soil organic P,

along with a decrease in occluded P, to increase the P fertility of a given site. How then

does one explain a pattern in which soil organic P increases and occluded P decreases, yet

plant-available forms of P also decrease, and the plants show strong signs of increasing P

limitation? Moreover, when expressed as a percentage of soil mass, we found that while

soil organic C decreases in all four chronosequences, soil organic P increases in three of

those four, and remains stable in the Brazilian entisols (Figure 4). Garcia-Montiel et al.

(2000) also reported significant increases in soil organic P, but in their sites, SOC did not

decline with pasture age and they attributed the change in organic P to new inputs of

organic matter from productive, shallow rooted grasses. However, in our Brazilian sites

soil organic C:P ratios decline sharply in all four chronosequences and the dynamics of

soil organic P are clearly decoupled from those in total organic matter, therefore the

patterns in soil organic P cannot be due only to changes in organic matter inputs.
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We believethatchangesin thecompositionand/orfunctionof thesoil microbial

communitymaybedriving manyof thepatternsweobserved.Sinceall formsof

inorganicPeitherremainconstantor declinewith pastureagein oursiteswhile organicP

increases,it is clearthattherateat whichorganicPis mineralizedmustdecline. In other

words,the increasesin organicP arenot simplydueto newinputsbecausetheyarenot

matchedby increasesin total organicmatter. Instead,therateat whichorganicP is

convertedto inorganicformsmustdecreaseto producethepatternswe report. P

mineralizationcanoccurvia theproductionof extracellularphosphatasesby plantroots

(SpeirandCowling 1991),thereforeachangefrom forestto pasturevegetationmaybe

partly responsiblefor thedeclinein mineralizationrates. However,Pmineralizationby

both fungalandbacterialcommunitiesis enormouslyimportant,andseveralrecentlines

of evidencesuggestthatthesecommunitiesmaybeheavilyaffectedby forest-to-pasture

conversion.

Two possibilitiesexist to explainhowanalteredsoil microbialcommunitymight

createthepatternsseenin ourdata. First,just asit doesfor themorereadilyobserved

organismsin theecosystem,it is quitelikely thatconversionfrom forestto pasture

createsmajorshiftsin soil microbialcommunities. Until quiterecently,our ability to

characterizemicrobialcommunitieswasquitelimited,but theadventof modem

moleculartechniquesnow allowsmuchmorecomprehensivedescriptionsof community
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structure(Pace1997),andwenowknow thattheconversionof primaryforestto pasture

cansharplyalterthecompositionof thebelowgroundmicrobialcommunity(Ntisslein

andTiedje 1999;BomemanandTriplett 1997;Atlasetal. 1991).Forexample,Ntisslein

andTiedje (1999)showedthat achangefrom forestto pasturein Hawaii led to a

significantchangein thedominantbacterialphyla,andresultedin a49%shift in overall

microbialcomposition. In addition,microbialDNA analysishasshownsubstantial

differencesin communitycompositionbetweenforestandpasturesitesin Brazil

(BomemanandTriplett 1997),with forestsitesdisplayinggreaterspeciesdiversityand

redundancyin physiologicalgroupsthandisturbedpasturesites. A numberof studies

alsosuggestthatconversionof naturalvegetationto usedland,aswell asagricultural

intensification,leadsto decreasesin microbialbiomass,andshiftsin therelative

abundanceof fungalandprokaryoticmicroorganisms(HenrotandJacobson1994;Luizao

et al. 1992). Changesin communitystructuresuchasthosedescribedabovedonot

necessarilyequateto achangein function,but it seemsunlikely thatcommunitychanges

of suchmagnitudewouldnotalterfunctionssuchasthemineralizationof organicP. In

thisspecificcase,thefactsthatfungalcommunitiesseemespeciallysensitiveto landuse

changes(Janos1980)andthatplant-fungalassociationsplay amajorrolein tropicalP

cycling (Parker1994),makeit all themorelikely thatanycommunityshift couldalterP

mineralization.
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Second,it is possiblethattheprimarylimiting resourcesfor microbial activity

alsochangealongthelandusesequences.Recentevidencefrom theCostaRicanoxisol

forestsiteshowsthatmicrobialprocessingof bothlabile andmorerecalcitrantformsof

solublecarbon,includingdissolvedorganiccarbonleachedfrom forestlitter, is strongly

limited by P availability (Clevelandet al. submitted).However,despitethe increasesin

organicP andrelativelyconstantlevelsin non-occludedPbetweenforestandpasture,

preliminarydatashowthatmicrobialbiomassandphosphataseactivitydeclinealongthe

samesequences.In part,thispatternmaybedueto communityshiftssuchasdescribed

above,but changesin theformsandquality of soil carbon,aswell asin theavailabilityof

othernutrients,mayalsobeimportant. Oneintriguingpossibilityconcernstheeffectsof

nitrogenavailabilityonphosphataseproduction.TheN requirementfor producing

phosphataseenzymesis surprisinglyhigh(TresederandVitousek2001),andwhileN

frequentlycyclesin relativeexcessin manytropical forests(Vitousek 1984;Matsonet al.

1999),N availabilityoftendeclineswith pastureage(Neill et al. 1999).Thus, it is

possible that changes in carbon substrates and lowered N availability may constrain

phosphatase production in older pastures, and therefore decrease P mineralization,

leading to an increase in the organic P pool. In addition, Saa et al. (1993) report

significant declines in phosphatase activity following forest burning. Finally, if other
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resourcesdeclinesignificantly with pastureage,therelativeimportanceof P to the

microbialcommunitymayalsodecline.

Thefact thatliberationof P from organicmatteris highlydependantonspecific

enzymeshelpsexplainhow onecouldfind verydifferenttrendsin soil organicPandsoil

organicC (Figure4). In addition,giventhatmicrobialcommunitiesin manytropical

forestsmaybeP limited (HobbieandVitousek2000;Clevelandet al., submitted),it is

possiblethatanypulsein labileP from thelossin occludedfractionsis rapidly

immobilizedby microbialcommunities.If productionof phosphatasesis also

increasinglyconstrainedin olderpastures,eitherby communityor resourceshifts,thena

patternin whichorganicP increasesor remainsstable,but Pfertility still declines,

becomesplausible.

Finally, wewish to stressthatwhilewedid find somesurprisinglyconsistent

patternsamongoursites,theenormousvariationin climate,soil types,andmanagement

strategiesacrossthetropicsmustbeaccountedfor in predictingthebiogeochemical

effectsof landusechange. Thisstatementis clearlytruefor pattemsin soil carbonpools

following landconversion(Davidsonet al. 1995). In thecaseof P dynamics,the

combinationof ourdataandthosereportedby Garcia-Montielet al. (2000)suggeststo us

thattherearesomegeneralresponses,but thattheylikely varyalonggradientsfrom high

to low environmentaland/ormanagementstresson theconvertedlands(Figure5). At the
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formerextreme,in whichtherearemorepronounceddry seasons,poorersoils,frequent

pastureburningandhighergrazingloads,wewouldpredictlossesin total soil P,but that

thoselosseswouldbe from inorganicratherthanorganicfractions(Figure5a). Evenin

thesehighly stressedsites,wesuggestthattheeffectsof landconversiononsoil

microbialcommunities- in all probability thestrongestin suchsites- canleadto

increasesin soil organicPevenwhentotalsoil carbonpoolsdecline.At theotherendof

thespectrum,conversionto pasturesonmorefertile soils,with greaterrainfall andmuch

lighter management,total soilP mayactuallyincreasefrom forestto pasture,andagain,

this increasewill bedueto anincreasein organicformsof P.

Acknowledgments

We thank G. Nardoto, G. Cardinot, B. Constance, L. Asner and M. Keller for their

assistance in the field and laboratory. We also thank the Instituto Brasiliero do Meio

Ambiente (IBAMA), the Minasterio de Ambiente and Energia (MINAE), the

Organization for Tropical Studies, and H. and M. Michaud for logistical assistance.

Discussions with E. Davidson, W. Silver and P. Vitousek were very helpful. This work

was supported by NASA NIP grants NAGW-5253 and NAGW-8709.

23



Ref¢rences Cited

Afif, E., Barron,V., and Torrent, J. Organic matter delays but does not prevent phosphate

sorption by cerrado soils from Brazil. Soil Science 159:207-211. 1995.

Anghinoni, I., Baligar, V.C., and Wright, R.J. Phosphorus sorption isotherm

characteristics and availability parameters of Appalachian acidic soils. Communications

in Soil Science and Plant Analysis 27: 2033-2048. 1996.

Asner, G. P., A. R. Townsend, and M. C. Bustamante. Spectrometry of pasture condition

and biogeochemistry in the Central Amazon. Geophys. Res. Lett. 26: 2769-2772. 1999.

Atlas, R. M., A. Horowitz, M. Krichevsky, and A. K. Bej. Response of microbial

populations to environmental disturbance. Microb. Ecol. 22: 249-256. 1991.

Beauchemin, S., Simard, R.R., and Cluis, D. Phosphorus sorption-desorption kinetics of

soil under contrasting land uses. Journal of Environmental Quality 25:1317-1325. 1996.

24



Berrange,J.P.andR.S.Thorpe.Thegeology,geochemistryandemplacementof the

Cretacous-Tertiaryophiolitic NicoyaComplexof theOsaPeninsula,southernCostaRica.

Tectonophysics147:193-220.1988.

Bomeman,J.andE.W. Triplett. Molecularmicrobialdiversityin soilsfrom eastern

amazonia.Appl.Environ. Microbiol. 63: 2647-2653.1997.

Bowman,R.A., S.R.OlsonandF.S.Watanabe.Greenhouseevaluationof residual

phosphateby four phosphorusmethodsin neutralandcalcareoussoils.Soil.Sci.Soc.

Am. J.42:451-454.1978.

Bruijnzeel,L. A. Nutrientinput-outputbudgetsof tropical forestecosystems.J.Trop.

Ecol.7: 1-24.1991.

Chadwick,O. A. et al.Changingsourcesof nutrientsduringfour million yearsof

ecosystemdevelopment.Nature397:491-497.1999.

25



Chauvel,A., M. Grimaldi, andD. Tessier.Changesin soil pore-spacedistribution

following deforestationandrevegetation:andexamplefrom thecentralAmazonBasin,

Brazil. For.Ecol.Mgmt. 38:259-271.1991.

Cleveland,C.C.,A.R. TownsendandS.Schmidt. Phosphoruslimitationof microbial

activity in lowlandmoist tropical forests.In prep.

CrewsTE, KitayamaK, FownesJ,HerbertD, Mueller-DomboisD, Riley RH,Vitousek

PM. Changesin soil phosphorusandecosystemdynamicsacrossa longsoil

chronosequencein Hawai'i. Ecology76:1407-24.1995.

Cross,A. F. andW. H. Schlesinger.A literaturereviewandevaluationof theHedley

fractionation:applicationsto thebiogeochemicalcycleof soil P in naturalecosystems.

Geoderma64: 197-214.1995.

Cuevas,E. andE. Medina.Nutrientdynamicswithin Amazonianforests:II. Fineroot

growth,nutrientavailabilityandleaf litter decomposition.Oecologia76:222-235.1988.

26



Davidson,E.A., D.C. Nepstad,C. Klink andS.E.Trumbore.Pasturesoilsasacarbon

sink. Nature376:472-473.1995.

deMoraes,J.F.L.,Volkoff, B., Cerri, C.C.,andBernoux,M. Soil propertiesunder

Amazonforestandchangesdueto pastureinstallationin Rondonia,Brazil. Geoderma

70:63-81.1996.

Ewel, J. J., M. J. Mazzarino, and C. W. Berish. Tropical soil fertility changes under

monocultures and successional communities of different structure. Ecol. Appl. 1: 289-

302.1991.

Feamside, P.M. Amazonian deforestation and global warming: Carbon stocks in

vegetation replacing Brazilian Amazon forest. Forest Ecology and Management 80:21-

34.1996.

Garcia-Montiel, D.C., C. Neiil, J. Melillo, S. Thoma, P.A. Steudler and C.C. Cerri. Soil

phosphorus transformations following forest clearing for pasture in the Brazilian

Amazon. Soil Sci. Soc. Am. J. 64:1792-1804. 2000.

27



Graham,W.F.andDuce,R.A. Atmosphericpathwaysof thephosphoruscycle.

Geochimicaet CosmochimicaActa 43:1195-1208.1979.

Guggenberger,G.,Haumaier,L., Thomas,R.J.,andZech,W. Assessingtheorganic

phosphorusstatusof anoxisol undertropicalpasturesfollowing nativesavannausing31P

NMR spectroscopy.Biology andFertility of Soils23:332-339.1996.

Henrot,J. andG. P.Robertson.Vegetationremovalin two soilsof thehumidtropics:

Effect onmicrobialbiomass.Soil Biol. Biochem.26:11I-116. 1994.

Herbert,D. A., andJ.H. Fownes.Phosphoruslimitationof forestleafareaandnet

primaryproductionon ahighlyweatheredsoil.Biogeochem.29:223-235.1995.

Hobbie,S.E.andP.M.Vitousek.Nutrientlimitationof decompositionin Hawaiian

forests.Ecology81:1867-1877.2000.

HoughtonRA, SkoleDL, NobreCA, HacklerJL, LawrenceKT, ChomentowskiWH.

Annualfluxesor carbonfrom deforestationandregrowthin theBrazilianAmazon

Nautre403:301-304.2000.

28



Janos,D. P.Vesicular-arbuscularmycorrhizaeaffectlowlandtropical rainforestplant

growth.Ecology61:151-162.1980.

Kauffman,J.B.,Cummings,D.L., andWard,D.E.Fire in theBrazilian Amazon:

biomass,nutrientpoolsandlossesin slashedprimaryforests.Oecologia104:397-411.

1995.

Kauffman,J.B.,Cummings,D.L., andWard,D.E.Fire in theBrazilianAmazon:2.

Biomass,nutrientpoolsandlossesin cattlepastures.Oecologia113:415-427.1998.

Lefer,M.E. andA.R. Townsend.Simplifying auto-analyzeranalysesof soil phosphorus

fractions. Submittedto Soil Sci.Soc.Am.J.

Levy, E.T. andW.S. Schlesinger.A comparisonof fractionationmethodsfor formsof

phosphorusin soils.Biogeochemistry47:25-38.1999.

Lopez-Hemandez,I.D. andC.P.Burnham.Theeffectof pH onphosphateadsorptionin

soils.Journalof Soil Science25:207-216.1974.

29



Luizao,R. C. C.,T. A. Bonde,andT. Rosswall.Seasonalvariationof soil microbial

biomass-theeffectsof clearfelling a tropical rain forest and establishment of pasture in

the central Amazon. Soil Biol. Biochem. 24:805-813. 1992.

Ojima, D. S., K. A. Galvin, and B. L. Turner II. The global impact of land-use change.

Bioscience 44:300-304. 1994.

Matson, P. A., W. J. Parton, A. G. Power, and M. J. Swift. Agricultural intensification

and ecosystem properties. Science 277:504-509. 1997.

Meyer, W. B. and B. L. Turner II. Human population growth and global land-use/cover

change. Ann. Rev. Ecol. Syst. 23:39-61. 1992.

Neill, C., J. M. Melillo, P. A. Steudler, C. C. Cerri, J. F. L. de Moraes, M. C. Piccolo, and

M. Brito. Soil carbon and nitrogen stocks following forest clearing for pasture in the

southwestern Brazilian Amazon. Ecol. Appl. 7:1216-1225. 1997.

30



Neill C.,M.C. Piccolo,J.M.Melillo, P.A.SteudlerandC. C. Cerri.Nitrogendynamicsin

Amazonforestandpasturesoilsmeasuredby N-15pooldilution. Soil Biol. Biochem.

31:567'572.1999.

Nepstad,D. C. et al. Large-scaleimpoverishmentof Amazonianforestsby loggingand

fire. Nature398:505-508.1999.

Nusslein,K. andJ.M. Tiedje.Soil bacterialcommunityshift correlatedwith changefrom

forestto pasturevegetationin atropicalsoil.Appl. Environ.Microbiol. 65:3622-3626.

1999.

Pace,N.R. A molecularview of microbialdiversityandthebiosphere.Science

276:(5313) 734-740.2000.

Parker,G. G. Soil fertility, nutrientacquisition,andnutrientcycling.In L. A. McDade,et

al. (Eds.),LaSelva:Ecologyandnaturalhistoryof aneotropicalrainforest.Chicago,

Universityof ChicagoPress:54-64.1994.

31



ParkinsonJA,andS.E.Allen A wetoxidationprocesssuitablefor thedeterminationof

nitrogenandmineralnutrientsin biologicalmaterials.CommunSoil SciPlantAnalysis

6:1-li. 1975.

Parrotta,J.A.,J.K.FrancisandR. Rolo deAlmeida.Treesof theTapajos,Tech.Rep.

IITF-1, U.S.ForestService.1995.

Reiners,W. A., A. F. Bouwman,W. F. J.Parsons,andM. Keller.Tropical rain forest

conversionto pasture:changesin vegetationandsoil properties.Ecol. Appl. 4: 363-377.

1994.

Saa,A., C. Trasar-Cepeda,F. Gil-Sotres,andT. Carballas.Changesin soil phosphorus

andacidphosphataseactivity immediatelyfollowing forestfires.Soil Biol. Biochem.25:

1223-1230.1993.

Sanchez,P.A., D. E.Bandy,J.H. Villachica, andJ.J.Nichotaides.AmazonBasinsoils:

Managementfor continuouscropproduction.Science216:821-827.1982.

32



Silver,W.L., J.Neff, M. McGroddy,E. Veldkamp,M. KellerandR.Cosme.Effectsof

soil textureon belowgroundcarbonandnutrientstoragein a lowlandAmazonianforest

ecosystem.Ecosystems3: 193-209.2000.

Skole,D. and.C.Tucker.Tropicaldeforestationandhabitatfragmentationin the

Amazon:Satellitedatafrom 1978-1988.Science260:1905-1910.1993.

Sollins,P.,G. P.Robertson,andG. Uehara.Nutrientmobility in variable-and

permanent-chargesoils.Biogeochem.6:181-199. 1988.

Speir,T.W. andJ.C.Cowling.Phosphataseactivitiesof plantsandsoils: relationship

with plant productivityandsoil P fertility indices. Biol. Fert.Soils 12:189-194.1991.

Tiessen,H., I. H. Salcedo,andE.V. S.B. Sampaio.Nutrientandsoil organicmatter

dynamicsundershifting cultivationin semi-aridnortheasternBrazil.Ag. Ecosys.

Environ.38: 139-151.1992.

33



Tiessen,H. and J. O. Moir. Characterization of available P by sequential extraction. In M.

R. Carter, (Ed.), Soil Sampling and Methods of Analysis. Boca Raton, Lewis Publishers.

1993.

Tiessen, H., E. Cuevas, and P. Chacon. The role of soil organic matter in sustaining soil

fertility. Nature 371: 783-785. 1994.

Treseder, K.K. and P.M. Vitousek. The influence of soil nutrient availability on

investment in nitrogen and phosphorus acquisition in Hawaiian rain forests. Ecology, in

press.

Uehara, G. and G. Gillman. The Mineralogy, Chemistry, and Physics of Tropical Soils

with Variable Charge Clays. Boulder, Westview Press. 1981.

Veldkamp, E. Organic carbon turnover in three tropical soils under pasture after

deforestation. Soil Sci. Soc. Am. J. 58: 175-180. 1994.

Vitousek, P. M. and R. L. Sanford, Jr. Nutrient cycling in moist tropical forest. Ann.

Rev. Ecol. Syst. 17: 137-167. 1986.

34



Vitousek,P.M. andH. Farrington.Nutrientlimitation andsoil development:

experimentaltestof abiogeochemicaltheory.Biogeochemistry3:63-75.1997.

Williams, J.andC. J.Chartres.Sustainingproductivepasturesin thetropics:Managing

thesoil resource.TropicalGrasslands25:73-84.1991.

35



Figure Legends

Figure 1. Hypothetical model for changes in soil P fractions following conversion of

moist tropical forest to cattle pasture, where declines in total soil organic matter (SOM)

are seen. We predicted that P mineralized during the loss of SOM would be increasingly

vulnerable to occlusion by mineral surfaces of soils, because of both decreased SOM

content and periods of relatively low plant uptake immediately following burning or

during the drier months. Thus, over time an artificially elevated rate of P occlusion

would further exacerbate P limitation, creating declines in plant available and organic P

and plant production, which in turn would feed back to even greater P impoverishment

and overall pasture degradation.

Figure 2. Non-occluded (dotted line), organic (solid line), occluded (small dashed line)

and total (large dashed line) soil P with pasture age along two Brazilian and two Costa

Rican chronosequences. All values are sums of fractions from a modified Hedley

fractionation procedure as described in the text. Non occluded P is equal to the sum of

resin, bicarbonate and NaOH inorganic fractions; occluded P is the sum of the

concentrated HCI and residue inorganic fractions; and organic P is the sum of

bicarbonate, NaOH and concentrated HCI organic fractions. Total soil P here is the sum

of all fractions from the Hedley analysis, thus there are differences between the total P
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valuesshownhereandthosein Table 1,which arederivedfrom aseparatedigest. The

sumof theHedleyfractionsisusedin this figure to allowamoredirectcomparisonto

changesin theindividual fractions. Significantdifferences(TukeyHSD,p< .05)along

thechronosequencefor agivenfractionaredenotedbydifferentlettersthat arespecificto

eachfraction: a-c= totalP;d-f = occludedP;g-h= organicP;j-1= non-occludedP.

Bars indicatestandarderrors;whereerrorbarscannotbeseentheyaresmallerthanthe

labelbox.

Figure3. Non-occluded,organic,andoccludedsoil Pin six Brazilianandfive Costa

Ricansitesexpressedasapercentageof totalsoil P in eachsite.

Figure4. Relativechangesin soil organicC (dashedline)andP (solid line) alongeachof

thefour chronosequences.Valuesarerelativeto theyoungestsite in eachsequence,and

aretakenfrom datathatmeasuredeachvariableasaconcentration(% soil C. lagP/gsoil).

Figure5. Generalizedpredictionsfor changesin majorsoilP fractionsfollowing

conversionof moist tropicalforestto cattlepasturein siteswith high(A) or low (B)

environmentaland/ormanagementstress.The highstressendof thespectrumwould

includeaprolongeddry season,low fertility soils,frequentpastureburningandheavy
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grazingloads.A low stresssitewouldhavehighrainfall andaminimaldry season,more

fertile Soils,no repeatedburningandlight grazinglevels.
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Table 1. Surface soil carbon, nitrogen, phosphorus, phosphorus fractions, texture, pH,

and bulk density for six Brazilian and three Costa Rican pastures, and two Costa Rican

primary forests. Phosphorus fractions are those defined by the modified Hedley

technique as described in Tiessen and Moir (1993).

Brazilian Sites

2 yr oxisol 7 yr oxisol 15 yr oxisol 1 yr entisol

pasture pasture pasture pasture

7 yr entisol 15 yr entisol

pasture pasture

Texture 37/3/60 39/2/59 40/5/55 89/4/7 92/2/5 91/4/5

(sand/silt/clay)

pH 5.30 5.40 5.00 5.60 5.60 5.30

Soil C (%) 4.35 2.28 2.02 1.85 1.54 1.40

Soil N (%) 0.32 0.19 0.15 0.12 0.09 0.08

Soil P (ug/g) 173.80 82.20 97.40 75.30 52.30 45.20

Bulk density 1.20 1.53 1.52 1.44 1.43 1.43

Total C 5.22 3.49 3.07 2.66 2.20 2.00

(kg/m2)
Total N 0.38 0.29 0.23 0.17 0.13 0.11

(kg/m2)
Total P (g/m2) 20.86 12.58 14.80 10.84 7.48 6.46

P Fraction (u_/_)

Resin Pi 13.89 7.53

Bicarb Pi 5.55 1.76

Bicarb Po 4.70 3.92

1M HCI 44.36 0.97

NaOH Pi 33.69 9.62

NaOH Po 22.33 20.31

Conc. HC1 Pi 45.52 38.16

Conc. HC1Po 18.62 12.22

Residue 39.96 33.78

7.79 6.84 3.39 1.43

2.06 2.53 0.63 0.16

7.47 4.93 3.40 2.81

1.36 1.11 1.33 0.86

11.51 10.88 10.06 3.47

30.95 12.3 13.5 11.39

28.83 15.3 9.12 6.92

14.94 3.62 3.15 2.98

34.82 22.66 14.82 9.60
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Table1continued

Costa Rican Sites

oxisol 5 yr oxisol 20 yr oxisol mollisol 20 yr mollisol

forest pasture pasture forest pasture

pH 5.43 5.08 5.14 6.01 5.91

Soil C (%) 6.45 5.41 4.96 6.78 5.57

Soil N (%) 0.56 0.47 0.43 0.58 0.48

Soil P (ug/g) 557.14 566.45 639.33 1051.43 t227.99

Bulk density 0.52 0.64 0.75 0.66 0.99

Total C 3.35 3.46 3.72 4.47 5.51

(kg/m2)
Total N 0.29 0.30 0.32 0.38 0.48

(kg/m2)

Total P (g/m2) 28.97 36.25 47.95 69.39 121.57

P Fraction _'ug.,/_]

Resin Pi 4.22 4.14 2.02 8.86 9.42

Bicarb Pi 3.37 3.20 (0.07) 2.70 5.13 7.41

Bicarb Po 13.70 16.30 20.34 27.64 33.49

1M HC1 1.89 1.45 1.93 23.29 53.66

NaOH Pi 53.87 69.57 56.67 76.31 161.90

NaOH Po 77.50 102.64 106.88 167.18 217.54

Conc. HCI Pi 166.96 148.99 189.80 209.37 199.53

Conc. HCI Po 18.99 12.22 41.48 38.71 (3.67) 37.97

Residue 155.42 116.78 198.83 369.98 378.85
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Figure 3
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Figure 5
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